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Highlights 

• Total organic carbon removal was noticed even at micro-distances (100 – 500 µm) 

• Higher energy efficiency with low-conductivity effluent with micro-distances 

• Higher sludge generation with micro-distances due to higher current requirement 

• Aluminium anode could not be implemented with microfluidic filter-press configuration 
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List of symbols, abbreviations and nomenclatures 

Nomenclature/ 

symbols/ 

acronyms/ 

abbreviations 

Definition 

Nomenclature 

[paracetamol]0 Initial concentration of paracetamol 

Symbols 

delec Interelectrode distance 

Esp Specific energy 

Iapp Applied current intensity 

japp Applied current density 

Acronyms/Abbreviations 

EC Electrocoagulation 

IC Ion chromatography 

ICP-OES Inductively coupled plasma optical emission spectroscopy 

HPLC High-performance liquid chromatography 

PTFE Polytetrafluoroethylene 

TIC Total inorganic carbon 

TIN Total inorganic nitrogen 

TOC Total organic carbon 

UV Ultraviolet 
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Abstract 

It is proposed for the first time to investigate the possibility to implement micro-inter-electrode distances 

in electrocoagulation (EC) in order to improve both the treatment and energy efficiencies compared to 

conventional EC cells with centimetric distances. The study has been performed in a microfluidic 

monopolar flow-by filter-press cell for the treatment of simulated and real low-conductivity (0.5 - 1 mS 

cm-1) laundry wastewaters. The influences of interelectrode distance (delec) (100 - 10,000 µm), applied 

current density (japp) (10 - 200 mA cm-2), and types of anode materials (iron, aluminium and stainless 

steel) have been studied. The removal of representative organic pollutant (i.e., paracetamol at 15 mg L-

1) as well as of total organic carbon (TOC) content (312 mg-C L-1) from actual wastewater was noticed, 

including at micro-distances. Optimal treatment capacities were obtained with delec of 0.5 mm (57% 

TOC removed), 3 mm (58% TOC removed) and 10 mm (41% TOC removed) and with japp of 70 mA 

cm-2, 40 mA cm-2 and 20 mA cm-2 respectively, using stainless steel anode. It led to reduced energy 

requirement at micro-distances (16 kWh g-TOC-1 at 500 µm) compared to millimetric gap (19 kWh g-

TOC-1 at 3 mm, 40 kWh g-TOC-1 at 10 mm). Contrastingly, more sludge was generated with micrometric 

distance (172 g-sludge g-TOC-1 at 500 µm) compared to larger gaps (95 g-sludge g-TOC-1 at 3 mm, 87 

g-sludge g-TOC-1 at 10 mm) due to higher optimal japp at low distances. The efficiency was maximal 

with an aluminium electrode, but this anode remained inapplicable with micro-distances using the 

current reactor design, given the high sludge production between the cathode and anode. 

 

 

Keywords:  

Anode materials; electrodissolution; electro-oxidation; low-conductivity effluents; microfluidic reactor; 

real industrial wastewater 
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1. Introduction 

Various sectors of the economy lead to the production of increasingly complex wastewater that are 

increasingly loaded with bio-recalcitrant compounds (Richardson and Ternes, 2014; Moussa et al., 2017; 

Mousazadeh et al., 2021). However, the conventional treatments, such as bioprocesses, used in 

wastewater treatment plants are not completely effective in treating these compounds (Rizzo et al., 

2020). It is therefore necessary to study and propose an alternative or complementary treatment to 

conventional water treatment systems. These alternatives must be environmentally friendly while being 

more effective at a lower cost. 

Among these alternatives, there are electrochemical treatments. They are very versatile, simple to 

implement and can be carried out without the addition of chemical reagents (Radjenovic and Sedlak, 

2015; Mousset and Hatton, 2022; Deng et al., 2023; Mousset et al., 2023; Puthiya Veetil Nidheesh et 

al., 2023; P. V. Nidheesh et al., 2023). The interest of using inter-electrode distance (delec) in the 

micrometric range (< 1 mm) has been demonstrated in the field of water treatment by electro-oxidation 

(Scialdone et al., 2010; Pérez et al., 2018a; Adnan et al., 2022a, 2021a). Low delec improve the mass 

transport and electronic exchange between electrodes which can increase the efficiency of the treatment 

and reduce the energy requirement (Scialdone et al., 2011, 2014; Mousset, 2020; Adnan et al., 2021b, 

2022b, 2022c, 2023). It also permits to operate electrolysis with low-conductivity wastewater without 

the need for electrolyte addition (Ma et al., 2018; Diris et al., 2024). Moreover, there is the need to 

combine conversion technologies with separation techniques in order to benefit from synergies in a 

complete treatment train, to ensure an efficient removal of pollutants and unwanted by-products (Ren et 

al., 2018; Mousset and Hatton, 2022; Mousset et al., 2023). 

Electrocoagulation (EC) is one of the electrochemical technologies that is increasingly considered as a 

viable alternative to certain conventional pre-treatment step (e.g. chemical coagulation-flocculation) 

thanks to its efficiency in eliminating both suspended solids in water and colloidal suspensions, as well 

as a fraction of dissolved compounds (Canizares et al., 2008; Cañizares et al., 2009; Garcia-Segura et 

al., 2017; Hakizimana et al., 2017; Flores et al., 2018; Jing et al., 2021; AlJaberi et al., 2022; Aiyd Jasim 
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and AlJaberi, 2023; AlJaberi, 2023; Vargas et al., 2023). Several cell designs have been previously 

explored, including porous three-dimensional electrode implemented (or not) as bed electrode reactor 

(Wang et al., 2020; Song et al., 2022; Li et al., 2023), as well as flow-by cells with parallel plate 

electrodes. In the latter one, the design implies a better control of the delec as well as of the potential of 

electrode and an enhanced homogeneity of potential distribution compared to bed reactor and 3D 

electrodes, in monopolar mode (Lissaneddine et al., 2022). 

The delec has previously shown having an influence on the efficiency of EC, particularly in such flow-

by cells. The literature suggests better removal rates for delec between 5 mm (Sánchez Calvo et al., 2003; 

Kabdaşlı et al., 2012; Attour et al., 2014) and 10 mm (Mousazadeh et al., 2021), but without having 

compared the results with a configuration involving micro-distances. It could be expected that at very 

low delec, metal hydroxides could interact preferentially with each other rather than with pollutants 

(Khandegar and Saroha, 2013). Under these conditions, the pressure drop would be very high, which 

would limit the applicable flow rate range and the risk of clogging could increase drastically. Thus, the 

treatment capacity could also decrease. Contrastingly, the mass transfer between electrodes decreases 

when delec increases and the energy requirement could be lower, which would make the process more 

economically advantageous. Therefore, a compromise is necessary and implies the existence of an 

optimal distance that need to be determined considering a wider range of delec. Furthermore, the 

implementation of micro-distances with low-conductivity solution such as laundry effluents (Feng et 

al., 2021; Khalid et al., 2022; Arbid et al., 2024; Khajvand et al., 2024) would be beneficial, particularly 

in terms of energy requirement.  

Hence the motivation of this work was to compare for the first time the EC efficiency between optimized 

macrometric and micrometric distances configurations, by varying the applied current density (japp), with 

low-conductivity solution ranging from 0.5 to 1 mS cm-1. Investigating a wide range of delec within the 

same study has ensured a more suitable comparison between micrometric distances and centimetric 

distances that are commonly implemented in literature (Janpoor et al., 2011; Feng et al., 2021;), since 

all the other parameters of the system (reactor design, electrode surface/treated volume ratio, effluent 

characteristics) were the same. Through these studies, different electrode materials such as stainless 
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steel, iron and aluminum were tested to verify their treatment efficiency by gradually increasing the 

degree of complexity of the medium, starting with synthetic effluents containing representative 

pollutants, then studying a real industrial effluent such as laundry wastewater that has never been tested 

in such micro-distances mode, on the contrary to centimetric distances (Janpoor et al., 2011; Feng et al., 

2021). The elimination rates of the organic compound and the overall organic fraction were evaluated 

in different configurations while monitoring energy consumption and the formation of undesirable 

inorganic by-products. 
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2. Material and Methods 

2.1. Effluents characteristics 

As a first approach, a synthetic effluent has been studied and was containing paracetamol (15 mg L-1) 

(99%, Sigma-Aldrich) as representative organic pollutant from wastewater. The selected electrolyte was 

sodium sulfate (Na2SO4) (568 mg L-1) (> 97%; Carlo Erba, Val de Reuil, France) for experiments in the 

presence of only the pharmaceutical compound in ultrapure water at 18.2 MΩ.cm (PureLab ELGA 

Classic, Veolia Water, Antony, France). The use of Na2SO4 has been used as non-electroactive 

electrolyte in order to limit the interferences on the mechanisms of EC. 

A real industrial effluent was collected from a laundry located in France, whose physicochemical 

characteristics, which includes total organic carbon (TOC), total inorganic carbon (TIC) and total 

inorganic nitrogen (TIN), is described in Table S1. This effluent has been selected as a second approach 

to assess the matrix effect with an actual wastewater as case study. 

2.2. Electrolysis setup 

A filter press type electrochemical reactor was used and its characteristics have been already detailed 

previously (Adnan et al., 2021a, 2021b). The planar anode and cathode were arranged in parallel and 

vertically. A polytetrafluoroethylene (PTFE) (Bohlender, Grünsfeld, Germany) spacer was used to 

separate the anode and the cathode; varying its thickness determined the delec of the EC reactor.  

The electric current was applied using a power supply (HAMEG, Rohde & Schwarz). A range of japp 

from 10 to 200 mA cm-2 (corresponding to applied current intensity (Iapp) varying from 0.5 to 10 A) was 

varied throughout this work. The study of the influence of delec on the efficiency of the EC process was 

carried out using delec of 0.1, 0.5, 3, 5 and 10 mm by varying japp for getting optimal current value at each 

delec, since it has been previously shown that delec and japp are strongly correlated (Diris et al., 2024). A 

316L stainless steel (Gantois, France) material was mainly used as both cathode and anode to study the 

effect of delec and japp, with the synthetic effluent containing paracetamol. 



10 

The EC efficiency using stainless steel electrodes was compared with iron (99.85%; Berthelot SAS, 

France) and aluminum (99.5%; Barthelot SAS, France) electrodes to study the effect of electrode 

materials. This was done with laundry effluent, while iron, stainless steel, and aluminum materials were 

used as paired electrodes (i.e., the same material was implemented as both cathode and anode), at the 

optimal working conditions determined in the studies on the delec and japp combined effects. Therefore, 

the influence of electrode materials has been assessed at different combinations of delec and japp. All 

electrode materials (cathodes and anodes) had the same geometric surface (50 cm2) in contact with the 

liquid, which was the surface considered for japp calculation. 

 

The stainless steel electrode was immersed in 0.25 M sulfuric acid solution overnight after each run, in 

order to dissolve any precipitates and remove the passive layer potentially formed on the electrode 

surface (Adnan et al., 2021a). After each use, the iron and aluminum electrodes were sanded with 

abrasive paper to remove the passivation layer that had formed on their surfaces. They were then rinsed 

with acetone followed by a thorough cleaning step with ultrapure water (Ezechi et al., 2020). 

A platinum (90%)/iridium (10%) (Pt) anode (Ögussa, Vienna, Austria), with 50 cm2 of geometric 

surface exposed to water, has been used in control experiments, paired with stainless steel cathode, in 

order to decouple the general mechanism, by carrying out the influence of direct oxidation on the global 

removal efficiency. 

The volume of effluent to be treated in each experiment was 500 mL. The circulation of the effluent was 

ensured by a peristaltic pump (Masterflex, Cole Parmer), whose recirculation flow rate was varied for 

each delec in order to ensure the conservation of the residence time (Adnan et al., 2021a, 2021b). Thus, 

a circulation flow rate of 0.02, 0.1, 0.6 and 1 L min-1 was used for distances of 0.1, 0.5, 3 and 5 mm 

respectively. For these delec, the treatment time was 2 h. The recirculation flow rate for a distance of 10 

mm was the same as that for a distance of 5 mm (1 L min-1) and the residence time was doubled (4 h) in 

order to keep the same number of passes as for the lower delec (Table S2). 
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2.3. Analytical methods 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) (Thermo iCAP 6000; Thermo 

Fisher, Noisy-le-Grand, France) was used to determine the concentrations of calcium (Ca2+) and 

magnesium (Mg2+) ions. These were assumed to be equivalent to the concentrations of Ca and Mg 

elements measured by ICP-OES (Adnan et al., 2021a). Mg and Ca were quantitively detected by OES 

with the respective wavelengths: 79.55, 280.27 and 285.21 nm for Mg and 317.93, 318.12 and 422.67 

nm for Ca. The calibration was performed externally by varying concentrations of Mg from 0.5 to 5 mg 

L-1 and Ca from 5 to 50 mg L-1, using ICP-OES standard solution at 1000 mg L-1. ICP-OES samples 

were obtained by collecting 0.5 mL of effluent, which was then filtered at 0.45 µm (PhenexTM; 

Phenomenex, Le Pecq, France) and acidified with a 0.5 M sulfuric acid solution, using a dilution factor 

of 10. 

High-performance liquid chromatography (HPLC) coupled to a diode array detector was used to monitor 

the evolution of the concentration of the paracetamol molecule. It was performed in isocratic mode with 

a C18 column (Phenex, France). All samples were filtered at 0.45 µm (PhenexTM). A Kinetex® reversed 

phase C18 column was used (2.6 µm average particle size, 4.6 mm internal diameter, 100 mm length; 

Phenomenex, Le Pecq, France). The mobile phase consisted of a mixture containing 95% of ultrapure 

water (containing 1% formic acid) and 5% acetonitrile (containing 1% formic acid). The flow rate of 

the eluent phase was 0.3 mL min-1 and the column temperature was set at 25 °C. An external calibration 

curve was initially performed by varying concentrations of paracetamol from 0.5 to 20 mg L-1 in 

ultrapure water. 

A Ultraviolet (UV)-visible spectrophotometer UV-2600 (Shimadzu, Marne-La-Vallée, France) was 

used to get the spectra with wavelength varying from 200 to 600 nm at incremental step of 1 nm, using 

paracetamol solutions in order to verify the presence or not of by-products with molecular structure that 

could absorb light as well. Ultrapure water was used for the reference light, which permit to limit 

interference from the internal system for each spectra. In addition, blanks were performed for each 
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experiment using electrolyte solutions in the absence of paracetamol. The absorbance values of the 

blanks were subtracted to the absorbance values obtained in the presence of paracetamol   

The device used to measure TOC was the Shimadzu TOC-VCSH analyzer equipped with the total 

nitrogen measuring (TNM-1) device to measure total nitrogen in parallel. The samples were filtered 

using a 0.45 µm syringe filter (PhenexTM). The TOC values were used to estimate the specific energy 

(Esp) requirement expressed in kWh g-TOC-1 (Brillas et al., 2009). 

Ion chromatography (IC) (Dionex ICS-6000) (ThermoFisher, Noisy-Le-Grand, France) was used to 

separate, identify and quantify ions present in a sample. The AS19 IC DionexTM IonPacTM 

chromatographic column (ThermoFisher, Noisy-Le-Grand, France) was used for this purpose. The 

concentrations of chloride (Cl-), sulfate (SO4
2-), nitrate (NO3

-), phosphate (PO4
3-), chlorite (ClO2

-), 

chlorate (ClO3
-) and perchlorate (ClO4

-) ions were monitored by IC. The samples collected were 

previously filtered at 0.45 µm (PhenexTM). An external calibration curve was performed with standard 

solutions containing different concentrations of Cl- (1-300 mg L-1), SO4
2- (1-480 mg L-1), NO3

- (0.5-30 

mg L-1), PO4
3- (0.5-40 mg L-1), ClO2

- (0.5-30 mg L-1), ClO3
- (0.5-40 mg L-1) and ClO4

- (0.5-40 mg L-1) 

ions. 

The sludge produce during EC was collected by centrifugation (5000 rpm for 20 min) after each 

electrolysis (Rodier et al., 2009). The sludge was then placed in an oven at 105 °C for 24 h before 

quantifying the dry weight. 

 

3. Results and Discussion 

3.1. Effect of interelectrode distance 

The effect of a wide range of delec on the EC efficiency, starting from micro-distances (100 and 500 µm) 

to millimetric (3 and 5 mm) and centimetric (1 cm) distances has been investigated for the first time. 

Figure 1 shows the decay of paracetamol as a function of number of passes and at different delec. 



13 

 

Fig. 1. Decay of paracetamol concentration in synthetic effluent as a function of number of passes and 

at different delec. Operating conditions: cathode = stainless steel; anode = stainless steel; [paracetamol]0 

= 15 mg L-1, [Na2SO4] = 568 mg L-1, japp = 20 mA cm-2. 

 

The paracetamol concentration in the effluent decreased for each delec value. The greater the distance, 

the lower the paracetamol concentration in solution at the end of treatment. For a delec of 5 mm, more 

than 60% of paracetamol was eliminated after 4800 number of passes. For delec of 0.5 mm to 3 mm, more 

than 40% is removed, while 24% of decay was noticed at a delec of 0.1 mm. With a delec of 10 mm, the 

elimination of paracetamol was almost complete after 4 h of electrolysis. Taking only the paracetamol 

decay into account, the distance that seemed optimal was 10 mm. This was in agreement with the 

literature in which only centimeter distances and some millimeter distances have been tested (Sánchez 

Calvo et al., 2003; Attour et al., 2014; Mousazadeh et al., 2021).  

However, paracetamol may not only be eliminated by the sludge generated by EC, but also degraded by 

direct electro-oxidation at the anode. The absorbance peaks obtained during the monitoring of the 

reaction kinetics by UV-visible spectroscopy allowed to identify this phenomenon. The absorbance 

peaks are presented in Fig. S1. Figure S1 showed two absorbance peaks. One of the peaks was present 

initially, whose peak could be initially linked to paracetamol (ʎ = 243 mm). A second peak appeared at 

the end of the first sampling (15 min), and increased over the course of the reaction. This was the peak 

attributed to the by-products that are able to absorb light at ʎ around 343 mm. This peak interfered with 
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the paracetamol peak. Control experiments with a Pt anode were carried out to verify the degradation of 

paracetamol by direct electro-oxidation at a delec of 10 mm and japp of 20 mA cm-2. The corresponding 

paracetamol decay, whose concentrations were determined by HPLC, are displayed in Fig. S2. Since 

EC mechanism cannot occur with a Pt anode in such electrolytic conditions, the decay of paracetamol 

concentration with Pt anode confirmed that direct electro-oxidation was involved during EC treatment. 

Considering the small difference of paracetamol removal percentages (between 3 to 10%) between Pt 

and stainless steel anodes experiments (Fig. S2), it could be conclude that electro-oxidation mechanism 

should be the predominant one occurring during experiments with stainless steel electrodes and 

paracetamol solutions. It was therefore necessary to check the reduction of the total organic fraction of 

the solution (TOC), including the potential organic by-products formed. 

Figure 2a illustrates the TOC removal percentages obtained during the electrolysis of the synthetic 

effluent subjected to a japp of 20 mA cm-2 and to different delec. The TOC removal yields increased with 

delec, with a more drastic increase between 5 mm and 10 mm. Here again, 10 mm was the delec giving the 

best removal (41%), which was in agreement with the trends observed with the paracetamol decay (Fig. 

1) and with the optimal delec values presented in the literature (Mousazadeh et al., 2021).  
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Fig. 2. Effect of delec on TOC removal yields (a), mass of sludge produced during EC (b), mass of 

sludge per gram of TOC removed at 0.5, 3, 5 and 10 mm (c), mass of sludge per gram of TOC 

removed at 0.1 mm (d). Operating conditions: cathode = stainless steel; anode = stainless steel; 

[paracetamol]0 = 15 mg L-1, [Na2SO4] = 568 mg L-1, japp = 20 mA cm-2.  

(a)

(c) (d)

(b)
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The amount of sludge produced as a function of the delec is presented in Fig. 2b. Sludge production was 

maximum for the 10 mm delec (0.20 g) and it did not vary significantly for the other delec (0.1 - 5 mm) 

(approximately 0.09 g). At a given japp, the more the delec increased, the more the anode potential 

increased and the more the anodic dissolution would be important. This could explain the higher sludge 

production at 10 mm, as well as the higher paracetamol decay rates by EC and electro-oxidation. Figure 

2c presents the amount of sludge produced per TOC removed. This parameter evolved in the same way 

as the two previous ones, except at 0.1 mm. Thus, the highest value was reached with the smallest delec., 

whose condition led to very low TOC removal yields (< 1%) and therefore very high sludge production 

per TOC removed. Once again 10 mm seemed to be the optimal distance, which agreed with the typical 

distance found in literature in the range of 1 - 3 cm (Janpoor et al., 2011; Mousazadeh et al., 2021). 

However, monitoring these parameters was not enough to position oneself. The optimal distance must 

lead to high energy efficiency. Figure S3 illustrates the variation in Esp at different delec. The delec that 

allowed the least energy loss was 0.5 mm (6.5 kWh g-TOC-1). Conversely, 0.1 mm was the least 

profitable delec (158 kWh g-TOC-1). The results could be explained once again by the low rate of TOC 

removal at this distance. Between 0.5 mm and 10 mm, the Esp was increasing until around 40 kWh g-

TOC-1. Therefore, the delec of 0.5 mm seemed to be interesting compared to 10 mm in terms of energy 

requirement. 

Figure S4 presents the evolution of pH and conductivity of the synthetic effluent containing paracetamol 

during treatment. According to Fig. S4a, the pH of the synthetic effluent decreases and eventually 

stabilizes around 6, regardless of the delec used. This trend is not in full agreement with what could be 

found in the literature. The initial pH of the studied matrix is rather neutral and it is supposed to remain 

stable over time. A possible explanation could be the nature of the pollutant. Indeed, this decrease in pH 

could be an inherent property of the pharmaceutical compound, as previously demonstrated with 

phenolic molecules (Mousset et al., 2016). Since paracetamol has been partly electro-oxidized at the 

anode (Fig. S2), the formation of carboxylic acids by-products could acidify and buffer the environment 

as previously observed with the electrolytic treatment of phenolic compounds (Mousset et al., 2016).  
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Figure S4b shows that the ionic conductivity remains relatively stable and reaches a value close to 0.9 

mS cm-1, with all distances, except at 0.1 mm. At this distance, the ionic conductivity decreases to around 

0.45 mS cm-1 and increases again to reach a value of 0.8 mS cm-1 after 2 h of electrolysis. At 500 µm, a 

slight variation in conductivity is observed during the first hour of electrolysis as well, but to a lesser 

extent than at 100 µm. Micro-distances therefore seem to slightly influence the ionic conductivity of the 

effluent during EC. 

 

 

To summarize, the delec greatly influences the efficiency of the EC. In this part, two distances seemed 

interesting, depending on the criteria taken into account. Indeed, the delec of 10 mm allowed to have the 

best pollutant elimination rate, while the delec of 0.5 mm was optimal from an energy point of view. This 

is in agreement with the literature saying that small distances favor energy efficiency (Scialdone et al., 

2013; Sabatino et al., 2016; Pérez et al., 2017, 2018b; Rodríguez et al., 2018; Adnan et al., 2022c). 

Knowing that the electrode potentials vary with delec (Scialdone et al., 2013; Sabatino et al., 2016; Pérez 

et al., 2017, 2018b; Rodríguez et al., 2018; Adnan et al., 2022c), it seems important to vary japp for each 

delec in order to optimize the current for each distance for a better optimization approach, as proposed in 

the following section.  
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3.2. Effect of current density at each interelectrode distance 

The evolution of paracetamol concentration as a function of delec and japp is shown in Fig. 3. The optimal 

current to be applied for total elimination of paracetamol varied according to the delec value used. Indeed, 

for a delec of 10 mm, a japp of 20 mA cm-2 was sufficient to completely eliminate paracetamol, while for 

delec between 0.1 mm and 5 mm it was necessary to reach 70 mA cm-2. For delec between 3 mm and 5 

mm, if complete elimination of the pollutant is not sought, then a japp of 40 mA cm-2 was sufficient to 

reach 93% of elimination. It was also highlighted that all delec were potentially interesting in terms of 

removal efficiency, as long as the right japp was applied. The more japp increased, the greater the 

elimination of the pollutant. Similarly, the more japp increased, the shorter the treatment time required 

for complete elimination of the pollutant. These observations were in accordance with Faraday's law 

involved in EC mechanisms (Hakizimana et al., 2017). 
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Fig. 3. Decay of paracetamol in synthetic effluent as a function of time at different Iapp (0.5 A (10 mA 

cm-2), 1 A (20 mA cm-2), 1.2 A (24 mA cm-2), 2 A (40 mA cm-2), 3.5 A (70 mA cm-2), 5 A (100 mA 

cm-2), 10 A (200 mA cm-2)) and delec: (a) 0.1 mm, (b) 0.5 mm, (c) 3 mm, (d) 5 mm, (e) 10 mm. 

Operating conditions: [paracetamol]0 = 15 mg L-1, [Na2SO4] = 568 mg L-1. 

  



20 

The variations of the TOC removal rates as a function of delec and japp are presented in Fig. 4 and it shows 

that the TOC reduction increases with increasing delec and japp. The highest reduction value (60%) is 

achieved with 200 mA cm-2 (10 A) for a distance of 0.1 mm. Furthermore, a japp of 70 mA cm-2 (3.5 A) 

was sufficient to reduce the organic content by half at this distance, whereas for a delec value between 

0.5 and 5 mm, a japp of 40 mA cm-2 (2 A) was sufficient to achieve this rate. In comparison, for a delec 

value of 10 mm, a reduction of half of the TOC is achieved at a lower japp (24 mA cm-2; 1.2 A). Higher 

values of japp are therefore not necessary at this distance. 

Figure S5 highlights that flocculation is favored at large distances and large values of japp. The 

flocculation becomes significant for japp values greater than or equal to 70 mA cm-2 (3.5 A), which is in 

agreement with Faraday’s law. Furthermore, the maximum sludge production reached for delec = 0.1 mm 

and japp = 200 mA cm-2 (10 A) is 1.2 g. Furthermore, the flocculation per TOC removed is favored at 

large distances and at large japp values, except at delec equal to 0.1 mm and japp equal to 20 mA cm-2 (1 A) 

(Fig. 5). Under these latter conditions, sludge production per TOC is maximal (1891 g-sludge g-TOC-

1), which is related to the low TOC removal observed at this distance. 
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Fig. 4. Effect of Iapp (0.5 A (10 mA cm-2), 1 A (20 mA cm-2), 1.2 A (24 mA cm-2), 2 A (40 mA cm-2), 

3.5 A (70 mA cm-2), 5 A (100 mA cm-2), 10 A (200 mA cm-2)) on TOC removal yield in synthetic 

effluent at different delec: (a) 0.1 mm, (b) 0.5 mm, (c) 3 mm, (d) 5 mm, (e) 10 mm. Operating 

conditions: [paracetamol]0 = 15 mg L-1, [Na2SO4] = 568 mg L-1. 
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Fig. 5. Effect of Iapp (0.5 A (10 mA cm-2), 1 A (20 mA cm-2), 1.2 A (24 mA cm-2), 2 A (40 mA cm-2), 

3.5 A (70 mA cm-2), 5 A (100 mA cm-2), 10 A (200 mA cm-2)) on the mass of sludge per gram of TOC 

removed in synthetic effluent at different delec: (a) 0.1 mm, (b) 0.5 mm, (c) 3 mm, (d) 5 mm, (e) 10 

mm. Operating conditions: [paracetamol]0 = 15 mg L-1, [Na2SO4] = 568 mg L-1. 
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Figure 6 presents the energy profile for the different experiments performed at different delec and japp. 

This confirms that a japp equal to 20 mA cm-2 (1 A) was the worst operating condition (158 kWh g-TOC-

1) for a delec of 0.1 mm. For delec between 0.5 and 10 mm, Esp increased as japp and delec increased. Thus, 

Esp raised from 17.2 to 40 kWh g-TOC-1 at delec = 10 mm, when japp increased from 10 (0.5 A) to 24 mA 

cm-2 (1.2 A). For delec = 5 mm, Esp raised from 12 to 65 kWh g-TOC-1, when japp increased from 10 (0.5 

A) to 70 mA cm-2 (3.5 A). For delec = 3 mm, Esp increased from 16 to 44 kWh g-TOC-1, when japp 

increased from 10 (0.5 A) to 70 mA cm-2 (3.5 A). Finally, for delec = 0.5 mm, Esp increased from 9.5 to 

27 kWh g-TOC-1, when japp increased from 10 (0.5 A) to 100 mA cm-2 (5 A). 

Figure S6 shows the evolution of solution pH at different delec and japp. The pH of the effluent decreased 

regardless of the japp and delec values applied, to stabilize around pH 6. These results therefore confirmed 

the pH trend observed in Fig. S4, which could perhaps be explained by the formation of by-products 

that acidify and buffer the medium as mentioned in Section 3.1. The evolution of the effluent 

conductivity during electrolysis at different delec and japp is displayed in Fig. S7. The ionic conductivity 

remains relatively stable for japp between 10 (0.5 A) and 40 mA cm-2 (2 A), with average values around 

1 mS cm-1. It increased for japp greater than 40 mA cm-2 (2 A). As for the previous part, the 

chromatographic study is important to verify that the pollutant is well eliminated during the EC. 
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Fig. 6. Effect of Iapp (0.5 A (10 mA cm-2), 1 A (20 mA cm-2), 1.2 A (24 mA cm-2), 2 A (40 mA cm-2), 

3.5 A (70 mA cm-2), 5 A (100 mA cm-2), 10 A (200 mA cm-2)) on Esp in synthetic effluent at different 

delec: (a) 0.1 mm, (b) 0.5 mm, (c) 3 mm, (d) 5 mm, (e) 10 mm. Operating conditions: [paracetamol]0 = 

15 mg L-1, [Na2SO4] = 568 mg L-1. 
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Following these results, three optimal working conditions could be identified in EC according to the 

order of magnitude of the distance considered. For micro-distances, the optimal working conditions 

were a delec of 0.5 mm and a japp of 70 mA cm-2 (3.5 A) (57% TOC removed, 172 g-sludge g-TOC-1, 16 

kWh g-TOC-1). For millimetric distances, the optimal EC conditions were reached for a delec of 3 mm 

and a japp of 40 mA cm-2 (2 A) (58% TOC removed, 95 g-sludge g-TOC-1, 19 kWh g-TOC-1). About 

centimetric distances, a delec of 10 mm and a japp of 20 mA cm-2 (1 A) could be considered (41% TOC 

removed, 87 g-sludge g-TOC-1, 40 kWh g-TOC-1). 

 

3.3. Effect of electrode materials at different interelectrode 

distances 

The studies presented in this part are carried out with the optimal working conditions determined in 

section 3.2. The aim of this section is to compare the treatment performances of iron and aluminum 

electrodes with stainless steel at different delec including micro-distances, in order to treat real laundry 

effluent. The effluent was poorly conductive (~ 600 µS cm-1) so a japp of 20 mA cm-2 (1 A) could not be 

applied for a delec of 10 mm. A japp of 10 mA cm-2 (0.5 A) was applied instead, which was the maximum 

japp applicable under these conditions. This further highlights the interest of working with micro-

distances for this type of poorly conductive effluent. Moreover, it was impossible to work in micro-

distance with the filter press, using aluminum electrodes. This was perhaps linked to the significant 

production of sludge that accumulates between the cathode and the anode which ends up causing a short 

circuit at the reactor level. 

Figure S8 shows the evolutions of the solution pH and conductivity of the laundry effluent during EC 

with the different electrode materials. This effluent was slightly alkaline initially (pHi = 8.9), and its pH 

remained substantially the same throughout the electrolysis. This observation was all the truer when the 

electrode material used is iron or aluminum. The results with aluminum electrodes were in agreement 

with the information reported in the literature (Moussa et al., 2017). This was not the case for iron and 

stainless steel electrodes. A decrease in pH would be usually expected with these electrodes (Moussa et 
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al., 2017). One or more species initially present or formed during electrolysis could capture H+ ions, or 

it could be reactions that would form OH- ions. Since a real industrial effluent was tested, the pH had 

more change to be buffered. This would explain this constancy in the evolution. As for the conductivity, 

this effluent was not very conductive and it remained substantially the same throughout the electrolysis 

as well. 

Figure 7a shows the TOC removal rates during the electrolysis of laundry effluent obtained with iron, 

stainless steel and aluminum electrodes. The best TOC removal rate was achieved with aluminum 

electrodes. For a distance of 0.5 mm, there is no big difference between the iron and steel electrodes. 

However, iron is more interesting for a distance of 3 mm. These trends seemed consistent since steel 

also releases Fe(II)/Fe(III) ions, but as it is an alloy these performances were slightly less important than 

high purity iron. Figure 7b shows the Esp during the electrolysis obtained with iron, stainless steel and 

aluminum electrodes. At a distance of 3 mm, iron was the material that consumed the least, then it was 

aluminum, and finally it was steel. Aluminum electrodes are therefore the electrodes that allow to have 

the highest range of elimination for an intermediate energy cost. The only problem is that they are not 

compatible with micro-distances, which limits their scope of application when the conductivities of the 

effluents are low, with this type of reactor design. 

Figures S9-S12 present the kinetics of anions initially present or formed during electrolysis. It is 

interesting to note that no perchlorate was detected and that therefore the electro-oxidation during the 

EC was not powerful enough to oxidize the chlorides until perchlorate form. Figure S9 presents the 

evolution of the concentrations of ClO3
- ions formed during the electrolyses carried out with iron, 

aluminum and stainless steel electrodes. No concentration of ClO3
- ions was observed with aluminum 

electrodes. A possible explanation could be that these ions were still formed, but they would be 

eliminated in the sludge produced in large quantities with this anode material. Contrastingly, with iron 

and stainless steel electrode materials, ClO3
- ion concentration increased during electrolysis. 

Figures S10-S12 present the evolutions of Cl-, SO4
2-, NO3

- and PO4
3- ions during electrolysis, with 

stainless steel, iron and aluminum electrodes, respectively. This study emphasized that the ions did not 
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evolve in the same way depending on the electrode material used. The different profiles that emerge are 

as follows: 

- Aluminum electrodes were able to eliminate all the ions initially present in the effluent. This 

elimination was longer than with iron or steel electrodes. This was in agreement with the literature which 

states that the kinetic of PO4
3- elimination by aluminum was longer (Yang et al., 2022). The elimination 

of SO4
2- was long, because these ions tended to complex with aluminum, thus forming a passive layer 

at the anode (Trompette and Vergnes, 2009). As previously shown in the literature, NO3
- could be 

adsorbed on aluminum hydroxides (Lacasa et al., 2011). 

- Iron electrodes were able to eliminate all the ions initially present in the real effluent. However, the 

elimination of phosphate ions was not direct, and the electro-oxidation of Cl- ions implied the production 

of ClO3
- ions. The elimination of SO4

2- ions was quicker with these electrodes than with aluminum 

electrodes. This could be explained by the fact that there was no affinity between these two species as 

suggested in literature (Garcia-Segura et al., 2017). There was therefore no formation of a complex 

passivating the iron anode that could limit the EC efficiency. Here again, NO3
- ions were supposed to 

be adsorbed on iron hydroxides (Lacasa et al., 2011). 

- Stainless steel electrodes can eliminate chloride and phosphate ions. However, they produced chlorate, 

sulfate and phosphate ions. ClO3
- ions were notably produced by oxidation of chloride ions. NO3

- ions 

were only eliminated for delec = 10 mm and japp = 10 mA cm-2 (0.5 A). 
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Fig. 7. Effect of anode material (iron, aluminium or stainless steel) and delec on (a) TOC removal yield 

and (b) Esp, with real laundry effluent. Operating conditions: delec = 10 mm and Iapp = 0.5 A, delec = 3 

mm and Iapp = 2 A, delec = 0.5 mm and Iapp = 3.5 A. 
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4. Conclusions and Recommendations 

The main objective of this work was to verify the viability of EC implementing micrometric delec to 

decrease the energy requirement and increase the removal efficiency during a separation step in WWTP, 

particularly with low-salinity effluents that usually involve high EC cell potential with standard 

centimetric delec. 

Several parameters were studied and varied in order to address this goal, such as delec (0.1 - 10 mm), japp 

(10 - 200 mA cm-2) and electrode materials (iron, aluminium and 316L stainless steel). The optimal 

operating conditions, i.e. maximum treatment capacity, minimum sludge production and low energy 

consumption, were determined following the delec and japp studies. Three key operating conditions with 

stainless steel electrodes could emerged as follows: 

- delec = 10 mm and japp = 20 mA cm-2 (41% TOC removed, 87 g-sludge g-TOC-1, 40 kWh g-TOC-1) 

- delec = 3 mm and japp = 40 mA cm-2 (58% TOC removed, 95 g-sludge g-TOC-1, 19 kWh g-TOC-1) 

- delec = 0.5 mm and japp = 70 mA cm-2 (57% TOC removed, 172 g-sludge g-TOC-1, 16 kWh g-TOC-1) 

 

These conditions were then applied in the electrode materials effect study, carried out with a real laundry 

effluent that has low electric conductivity (572 μS cm-1). Aluminum electrodes gave the best pollutant 

removal rates (TOC = 52%), for an energy consumption of 1.3 kWh g-TOC-1. However, their use was 

not possible with micro-distances, due to the limitation of the reactor design proposed. The results show 

that EC, which is a technology initially mainly intended to eliminate suspended solids and colloids, can 

nevertheless eliminate a significant quantity of organic compounds (up to 60% of TOC eliminated) and 

dissolved inorganic compounds. In addition, all of these studies show that micro-distances remain 

interesting, even in EC, for poorly conductive effluents in particular. These distances make it possible 

to obtain relatively high TOC elimination rates for EC (up to 60% for delec = 0.1 mm and japp = 200 mA 

cm-2), while minimizing energy consumption compared to larger distances. 
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Now that the impact of a wide range of delec, including micro-distances, has been newly carried out, 

further studies would be required to refine the optimization with Design of Experiments, particularly 

about the effect of electrode materials. Representative compounds that can be easily removed by 

coagulation-flocculation phenomena (e.g. phosphate) could be used in addition to organic pollutants 

such as paracetamol that has been used in this study. This will better assess the EC efficiency. Moreover, 

the efficiency of the system should be tested in other types of wastewater to assess the robustness of this 

technology. However, current reactors are not completely adapted to these distances, particularly if there 

is a high production of sludge. The design of a new type of reactor including micro-distances would be 

interesting in order to be able to exploit them in their optimal conditions without being limited by the 

type of electrode material to be used. The treatment of sludge is another aspect that should be monitored. 

Stainless steel must generate sludge containing chromium in particular, which should be avoided. 

Furthermore, EC is supposed to be mainly a separation step, meaning that a post-degradation step will 

be required to fully treat the effluents in line with the regulations before the discharge. Such treatment 

train will require detailed cost-efficiency analysis accompanied by a life cycle costing, life cycle 

assessment and life cycle sustainability assessment. 
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